Contactin-associated genes are members of the neurexin superfamily that encode a group of transmembrane proteins that mediate cell-cell interactions in the nervous system. To study the human contactin-associated protein-like 2 gene (CNTNAP2), we have determined its complete DNA sequence and its genomic organization to comprise 25 exons spanning greater than 2.0 Mb of DNA at 7q35. Our results indicate that CNTNAP2 encompasses almost 1.5% of chromosome 7 and is one of the largest genes in the human genome.
The neurexin (NRXN) gene family encodes cell-surface proteins that mediate neuronal cell-cell interactions (4) . The gene family includes NRXN1, NRXN2, NRXN3, and two genes encoding contactin-associated proteins, CNTNAP1 (also called CASPR or NRNX4) and CNTNAP2 (also called CASPR2) (4, 6) . Numerous neurexin isoforms are generated from the three NRXN genes, and in combination with the CNTNAP1 and CNTNAP2 proteins they facilitate neuronal adhesion and signaling (4) . The CNTNAP2 protein was shown to be a component of the juxtaparanodal region in myelinated axons where it forms a complex with Shaker-like K ϩ channels (6) . Radiation hybrid mapping data (http://www.ncbi.nlm.nih.gov/genemap98/) assigned ESTs specific for CNTNAP2 to the D7S688 -D7S505 interval. In our effort to construct a gene map of human chromosome 7 and to assess possible involvement of CNTNAP2 in disease, we determined its DNA sequence and genomic structure. Through our analysis we identified a full-length CNTNAP2 gene different from one described previously. Our data revealed that CNTNAP2 was unusually large, spanning the majority of the q35.1-q35.2 Giemsa dark band on chromosome 7. As such, CNTNAP2 may represent a positional candidate gene for the DFNB13 form of nonsyndromic deafness that maps to 7q34 -q36 (5) .
For our initial analysis, the cDNA sequence from CNTNAP2 (NM_014141) and AK000960 in Unigene Hs.106552 was used for comparison to available genomic DNA sequence. Nucleotides 1-384 of NM_014141 showed 100% identity to the genomic DNA sequence (AC078937), which can be mapped unambiguously to 7q31 (see Fig. 1 ). The remainder of NM_014141 (nt 385-5132) corresponded to sequences mapped to 7q35 ( Figs. 1 and 2) . In an attempt to confirm that nucleotides 1-384 of NM_014141 were indeed part of CNTNAP2 we performed 5Ј RACE using fetal brain RNA. Our results consistently produced products that corresponded to a consensus 363 bp sequence that, as expected, aligned to nucleotides 385-639 of NM_014141 but never to nucleotides 1-384. Moreover, our newly identified cDNA sequence (nucleotides 1-108 of the 5Ј RACE product) was contiguous to nucleotides 385-513 of NM_014141 at 7q35 (Fig. 1) . This suggested that the first 384 bp of NM_014141 are not derived from CNTNAP2 and most likely represent a chimeric cDNA product. We then assembled all available CNTNAP2 cDNA sequence originating from 7q35 into an 8107-bp consensus (GenBank Accession No. AF319045) that contains the apparent complete ORF of 1331 amino acids and a 5Ј and 3Ј UTR. Northern blot results indicated mRNA sizes of approximately 8 -9 kb (our data and also Ref. 6 ), suggesting that this consensus DNA sequence is likely complete. Analysis of ESTs in Unigene Hs. 106552 identified a putative isoform in the 3Ј UTR (data not shown), but did not identify significant alternatively spliced cDNAs in the protein-coding sequence of CNTNAP2.
Comparison of the 8107-bp consensus cDNA to genomic DNA sequence enabled us to define 21 of the 25 exons of CNTNAP2 (Table 1, Fig. 2 ). However, two segments of cDNA (nt 2396 -2523 and 3151-3615) did not correspond exactly to genomic sequence. BAC clones NH1080A16 and CIT-HSP2025B7 were identi-fied by searching the BAC-end database (http://www. tigr.org/tdb/), and DNA sequencing using primers derived from cDNA allowed the structure of exons 15, 19, 20, and 21 to be determined (Table 1 , Fig. 2 ). All exons demonstrated 99 -100% identity with the genomic sequences except for exon 1 (nt 1-237), which was 97 and 91% identical to AC073308 and AC073418, respectively. Therefore, we resequenced a segment of exon 1 from BAC NH13M3 that gave results (GenBank AF318297) that were 100% identical to the cDNA (Fig.  2 ). All intron-exon sequences except for the donor site of intron 24 contained consensus splice sequences (AG/ GT). The flanking sequence (CGAAGGatgC) of the putative initiation codon (nt 141-143) contained an adequate content of RNNatgY, in which R and Y are purine and pyrimidine, respectively (3), and two putative CpG islands flanking exon 1 were identified. These observations suggest that a promoter for CNTNAP2 a We have tentatively assigned the numbers for the exons based on alignment of the cDNA sequence assembled in this study (GenBank Accession No. AF319045) to genomic DNA.
b The boundaries of exon 15, 19, 20, and 21 were determined by comparing the cDNA sequence with genomic DNA sequence generated by direct sequencing of BAC NH1080A16 (exon 15) and CIT-HSP2025B7 (exons 19 -21) (GenBank AF318292-AF318296 and AF318298). Other boundaries were determined using the corresponding genomic DNA sequences in GenBank.
FIG. 1.
Determination of the 5Ј end of CNTNAP2 by RACE. The exons deduced from the comparison of NM_014141 or cDNA obtained by 5Ј RACE with genomic DNA sequence are shown (108 nt of newly identified cDNA sequence are marked as a black box). AC078937 maps to 7q31. AC073308 and AC006456 map to 7q35. The gene-specific primers for 5Ј RACE (shown as arrows) were GSP1, 5Ј-TGTGTCGCTG-TAGAGCATCC-3Ј; GSP2, 5Ј-TCACCCAATCTGAGCTGCTA-3Ј; and GSP3, 5Ј-CAATGGCACTGATCTGCTTC-3Ј, located at nt 692-776 of NM_014141. could be located near the exon 1 described in this study. CNTNAP2 was estimated to span approximately 2100 -2300 kb (Fig. 2) as determined by summing the length of DNA sequence and clone contigs spanning the gaps (using the BAC fingerprint database http:// genome.wustl.edu/gsc/). This size estimation agreed well with approximations using YAC clones (Fig. 2) . Moreover, genomic DNA sequences retrieved from the Celera database (http://www.celera.com/celerascience/) indicated that CNTNAP2 was more than 2250 kb (Fig. 2) . Dual-color FISH using two BAC clone probes, NH13M3 and DJ1137M13 from the 5Ј and 3Ј end of CNTNAP2, respectively, detected nonoverlapping signals, confirming the enormity of the gene (Fig. 3) . The 5Ј end of CNTNAP2 mapped to the border of 7q34 and 7q35.1 and the 3Ј end was located between 7q35.1 and 7q35.2.
Within the introns of CNTNAP2 two EST clusters (Hs. 23883 and Hs. 147050) and more than 40 singleton ESTs could be identified (Fig. 2) . The single ESTs were excluded from further analysis because none demonstrated exon-intron structure and could be derived from contaminating genomic DNA or unspliced RNA. We sequenced the longest cDNA clone from the two EST clusters (IMAGE 35149 from Hs. 23883 and IMAGE 2302409 from Hs. 147050) (GenBank BF188822-BF188825). Hs. 23883, which is composed of 6 ESTs, existed as a single exon in a sense orientation within intron 1 of CNTNAP2. No poly(A) signal was found at an appropriate position, and the poly(A) tract at the 3Ј end of IMAGE 35149 was found at the corresponding site in the genomic DNA. Therefore the cDNAs in Hs. 23883 are probably generated by oligo(dT) priming from contaminating genomic DNA or unspliced RNA. Hs. 147050 (intron 13) consisted of two exons in a sense orientation comprising two ESTs (AI698583 and AI188139) whose sources are pooled cDNA (lung ϩ testis ϩ B cell) and testis cDNA, respectively. Since the orientation of the Hs. 147050 is same as that of CNTNAP2, it could represent a splicing isoform of CNTNAP2. Alternatively, Hs. 147050 could be a testisderived aberrant transcript distinct from CNTNAP2.
CNTNAP2 represents a positional and functional candidate gene for the DFNB13 form of nonsyndromic deafness for the following reasons. Based on our data, CNTNAP2 is located within the 17-cM DFNB13 interval defined by D7S2468 and D7S2439. Moreover, CNTNAP2 forms a protein complex with the potassium channels Kv1.1 (KCNA1), Kv1.2 (KCNA2), and Kvbeta2 (KCNAB2) (6) , and other potassium channel subunit genes (KCNQ1, KCNE1, and KCNQ4) have been shown to cause deafness (2) . The mechanism underlying the deafness is thought to be due to disturbance of K ϩ homeostasis in endolymph. Absence of functional CNTNAP2 protein could lead to disturbance of K ϩ homeostasis, resulting in deafness. The finding that CNTNAP2 encompasses greater than 2.0 Mb of DNA would indicate that currently it is the largest known gene on human chromosome 7, followed by GRM8 (1.0 Mb) at 7q31.3 (7) . Interestingly, NRXNI and NRXNIII have been shown to have at least two promoters each that generate transcripts for longer ␣-neurexins and shorter ␤-neurexins (4) and these genes have many alternative splice forms (4). Currently there is no obvious evidence for alternative forms of CNTNAP2. However, the lack of any other EST or gene except for Hs. 58715 in the greater than 500 kb region separating TIM1 and CNTNAP2 (Fig. 2) suggests there is room for unidentified tissue-specific promoters and/or isoforms to exist just as is observed for the 2.4-Mb muscular dystrophy (DMD) gene (1) .
Interestingly, NRXN1 (Ͼ1.5 Mb) on 2p21, NRXN2 (Ͼ1.3 Mb) on 11q13, and NRXN3 (Ͼ1.5 Mb) at 14q31 are also large genes (the sizes estimated by the authors by sequence annotation). CNTNAP1 (at 17q21) was estimated to be less than 140 kb. The large size and complexity of these genes may have evolved to accommodate the need to generate a multitude of products necessary to allow specific neuronal interactions within different compartments of the brain. As demonstrated in studies of DMD, a gene 2.0 Mb in size would   FIG. 3 . CNTNAP2 maps to 7q35. BAC NH13M3 (5Ј-CNTNAP2) and PAC DJ1137M13 (3Ј-CNTNAP2) were labeled with digoxigenin and biotin, respectively. Denatured probes were hybridized to metaphase spreads of lymphoblast cells. Signals were detected using digoxigenin-rhodamine and biotin-FITC (Oncor). The slide was counterstained with DAPI antifade (Oncor) and examined. A representative result from over 30 metaphases analyzed is shown.
require upward of 16 h to be transcribed (8) , so functional products would, in addition to other transcriptional constraints, be regulated by cell division. Since NRXN and CNTNAP proteins are thought to function in neuronal adhesion it may be advantageous not to have such interactions formed while neuronal cells are proliferating. Later, however, nondividing cells producing functional products would be required to maintain interactions between neurons. Annotation of CNTNAP2 and the other genes of the neurexin family is the first step in determining their role in normal cellular biology and possibly in disease.
